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IEPIRKUMA PRIEKSMETA APRAKSTS
MODELA IZSTRADE DINAMISKO PROCESU DIGITALIZACIJAL

Vieta: Riga
Datums: 24.02.2025.

1. Pasutitajs jeb finanséjuma sanémejs | Sabiedriba ar ierobeZotu atbildibu "DiGas"
2. Nodokla maksataja numurs 40103620636
3. Pasiititaja adrese Talsu Soseja 31 k-17 - 34, Jurmala, LV-2016
4. lepirkuma priekSmets MODELA IZSTRADE DINAMISKO PROCESU
DIGITALIZACIJAI
5. Piegades vieta Matisa iela 69A, Ofiss 22, Riga, LV-1009, Latvija
6. Piegades laiks Lidz 30.05.2025.
7. Paredzama ligumcena Lidz 60 000,00 EUR
8. Avanss Ne vairak ka 0% no liguma summas
9. Kontaktpersona Petro Dumenko
Talr.: 27 085 055
e-pasts: p.dumenko@digasgroup.com

10. Vispariga informacija par iepirkumu:

10.1.

10.2.

10.3.

lepirkums tiek veikts projekta “MASOC KC atbalsts digitalu produktu izstradei”,
projekta ID Nr. 2.2.1.3.i.0/1/24/A/CFLA/007, (turpmak — Projekts), ko isteno saskana ar
2024. gada 9. janvara Ministru kabineta noteikumiem Nr. 34 “Latvijas AtveseloSanas un
noturibas mehanisma plana 2.2. reformu un investiciju virziena “Uzpémumu digitala
transformacija un inovacijas” 2.2.1.3.i. investicijas “Atbalsts jaunu produktu un
pakalpojumu ievieSanai uznémgjdarbiba” isteno$anas noteikumi”, pétijuma Nr. D.3.1
“PasaZieru vilciena tidenraZa iekSdedzes dzin€ja kontroles sistéma” ietvaros.
lepirkuma priekSmets: iepirkums par tiesibam veikt MODELA IZSTRADI DINAMISKO
PROCESU DIGITALIZACIJAI

lepirkums tiek organizéts saskana ar 2017. gada 28. februara Ministru kabineta noteikumiem
Nr. 104 “Noteikumi par iepirkuma procediiru un tas pieméroSanas kartibu pasttitaja
finansétiem projektiem”.
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10.4. Pasutitajs izsludina iepirkuma procediiru, publicgjot pazinojumu par iepirkuma procediru
un iepirkuma priekSmeta aprakstu Iepirkumu uzraudzibas biroja majaslapa
(www.iub.gov.lv) un SIA MASOC KC majaslapa www.masoc.|v.

10.5. Iepirkumu uzraudzibas biroja majas lapa publicétaja pazinojuma par Pasutitaja iepirkuma
procediiru noteikts sakotngjo piedavajumu iesniegsanas termins.

10.6. Pasititajs no piedavajumiem izvélas ta Pretendenta piedavajumu, kas Pasatitajam ir
ekonomiski visizdevigakais un vislabak apmierina ta vajadzibas, ka arT nodroSina
Pasttitajam pieskirta finansg€juma efektivu izmantosanu.

11. Iespéjamo Piegadataju atlases kriteriji:

11.1. Piegadatajam ir jabut personai vai personu apvienibai, kas sp€ nodroSinat iepirkuma
priekSmeta piegadi atbilstosi iepirkuma priekSmeta apraksta nosacijumiem un kas atbilst
Sadam prasibam:

11.1.1. Piedavajumu var iesniegt tikai Piegadataji, kas nav registréti kada no valstim, kas
atbilstosi Ministru kabineta 2023. gada 27. junija noteikumiem Nr. 333 “Zemu
nodoklu vai beznodoklu valstu un teritoriju saraksts” publicétas oficialaja izdevuma
“Latvijas Vestnesis”;

11.1.2. Pasititajs nevar slégt ligumu ar tadu Piegadataju, ar kuru tas atrodas interesu
konflikta Ministru kabineta 2017. gada 28. februara noteikumu Nr. 104 “Noteikumi
par iepirkuma procediiru un tas pieméroSanas kartibu pasititdja finans€tiem
projektiem” 12. punkta izpratné.

12. Tehniska specifikacija:

12.1. Modela izstrade - dinamisko procesu digitalizacijai, izmantojot riipniecisko pé&tijumu
simulacijas lidzeklus, tostarp degvielas plismu, spiediena reguléSanu un temperatiiras
kontroli, lai apstiprinatu iekSdedzes dzingja vadibas sistemas funkcionalas prasibas saskana
ar Detalo Tehnisko Specifikaciju LatvieSu valoda Pielikuma Nr. 2 un to pasu specifikaciju
Anglu valoda Pielikuma Nr. 3. Pie atSkiribam Pielikuma Nr. 2 un Nr.3 pieliktajam
specifikacijam, par pamatu tiek uzskatita pielikuma Nr.3 esosa specifikacija.

12.2. Ja iepirkuma priekSmeta apraksta uzskaititajam prasibam ir iesp&jams ekvivalents,
Pretendents var iesniegt ekvivalentam prasibam atbilstoSu piedavajumu. Pretendents var
iesniegt ar1 augstakam prasibam atbilstoSu piedavajumu.

13. Piedavajuma iesniegSanas laiks, vieta un kartiba:
13.1. Piedavajuma iesniegSanas laiks: piedavajums jaiesniedz saskana ar prasibam, kas noraditas
Iepirkumu uzraudzibas biroja majaslapa (www.iub.gov.Iv) publicétaja uzaicinajuma.
13.2. Piedavajums iesniedzams:
13.2.1. personigi vai nosiitot pa pastu uz adresi: Matisa iela 69A, Ofiss 22, Riga, LV 1009,
Latvija.
13.2.2. elektroniski, parakstitu ar elektronisko parakstu, nostitot uz e-pasta adresi:
procurement@digasgroup.com
13.3. Sanemtie piedavajumi tiks registréti atbilstosi to sanemsanas laikam. Pa pastu iesniegtais
piedavajums uzskatams iesniegts laika, ja tas nogadats piedavajuma iesniegSanas vieta Iidz
piedavajuma iesniegSanas laikam, kas noradits pazinojuma par iepirkuma procediiru.
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13.4.

13.5.

13.6.

Piedavajumi, kas iesniegti péc minéta termina, siititi elektroniski, tos neparakstot ar drosu
elektronisku parakstu, vai pa faksu, netiks atverti un verteti.

Papira formata piedavajums jaiesniedz 2 eksemplaros (2 parakstiti originali), kas sagatavoti
datorraksta.

Piedavajuma janorada piedavatas piegades atbilstiba visam Iepirkuma priekSmeta apraksta
un Pazinojuma par iepirkumu prasibam.

Piedavajumi jasagatavo latviesu vai anglu valoda un jaiesniedz saskana ar Pielikuma Nr.1
esoSo piedavajuma formu vai Piegadatajam &rtaka forma, noradot visu nepiecieSamo
informaciju, saskana ar §1 iepirkuma priekSmeta apraksta prasibam un prasibam, kas
noraditas Iepirkumu wuzraudzibas biroja majas lapa (www.iub.gov.lv) publicétaja
pazinojuma par iepirkumu. Pretendents var pievienot papildus dokumentus ar informaciju,
kas biis noderiga piedavajuma izveértéSanai.

14. Piedavajuma izvértéSana un lémuma pienemsana:

14.1.

14.2.

14.3.

14.4.

Péc sapemto piedavajumu atverSanas Pasutitajs atbilsto$i konkretai situacijai izvelas

attiecigas darbibas:

14.1.1. piedavajumiem tiek izverteta atbilstiba Pasttitaja izvirzitajam prasibam un iesniegtie
piedavajumi tiek savstarp€ji salidzinati atbilstosi Pasiititaja noteiktajiem kriterijiem.

14.1.2. nepiecieSamibas gadijuma Pasttitajs uzsak sarunu procediru ar izveéletiem
Pretendentiem un liidz Pretendentus sagatavot gal&jos piedavajumus.

Pasiititajs no piedavajumiem izv€las ta Pretendenta piedavajumu, kas Pasititadjam ir

ekonomiski visizdevigakais un vislabak apmierina ta vajadzibas, ka arT nodroSina pieskirta

finans€juma efektivu izmantoSanu.

Pasiititajs ne vélak ka piecu darba dienu laika péc lémuma pienemsSanas informés visus

Pretendentus par pienemto lémumu, informaciju nododot personiski vai nosiitot pa pastu,

faksu vai elektroniski.

Pasiititajs ir tiesigs jebkura bridi partraukt iepirkuma procediiru un ne vélak ka piecu

darbdienu laika péc 1émuma pienemsanas par iepirkuma procediiras partrauksanu, par to

rakstveida informgjot visus Piegadatajus, informaciju nododot personiski vai nosiitot pa

pastu, faksu vai elektroniski, un publicgjot Iepirkumu uzraudzibas biroja timek]vietné

pazinojumu par finans€juma sanémeja iepirkuma procediiras partraukSanu vai grozijumiem.

SIA “DIGAS” valdes loceklis Petro Dumenko / /
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Pielikums Nr.1

<<Uznémuma nosaukums>>
<<Registracijas Nr.>>
<<Juridiska un faktiska adrese >>

Sabiedriba ar ierobezotu atbildibu ".................
Reg. numurs: ................

Juridiska adrese: ....ccoeeenen....
Faktiska adrese: ...oooveveeeeeeeeeeeieieen

<<Vieta>><<Datums>> <<Dokumenta numurs>>

PIEDAVAJUMS

Pasiititajs jeb Sabiedriba ar ierobezotu atbildibu ".............. "
finanséjuma sanémejs | Reg numurs: ..................

Juridiska adrese: .................
Faktiska adrese: ........cevvvuvnnn.

Iepirkuma priekSmets | ..........ccccccevviinnnn.

Informacija par Nosaukums:
Pretendentu:

Reg. Nr.:

Juridiska adrese:

Faktiska adrese:

Paraksttiesigas personas amats, vards, uzvards:

Kontaktpersonas amats, vards, uzvards:

Kontaktpersonas talrunis:

Kontaktpersonas e-pasts:
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PIEDAVAJUMA VISPARIGIE NOSACIJUMI

Nr. Parametrs Prasiba Piedavajums
1. Liguma izpildes vieta
2. Liguma izpildes termin$
TEHNISKAIS PIEDAVAJUMS
Tehniska specifikacija Piedavajums
1.
i
a.
b.
C.
FINANSU PIEDAVAJUMS
Iepirkuma priekS§mets Cena, EUR | Skaits, gab. | Summa, EUR
PVN 21%
Kopa:
Piedavajums

Avansa apmers, ne vairak ka
liguma summas

Pretendenta parstavja amats

Vards, uzvards

Datums, vieta

Paraksts
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Pielikums Nr.2

Detala Tehniska Specifikacija (LatvieSu valoda)

Saturu

1. VISPARIGI NOTEIKUMI PAR MATEMATISKA MODELA
SASTAVU UN FUNKCIONALITATI 7

2 SESU CILINDRU DIZELDZINEJA MATEMATISKAIS MODELIS
AR TURBOKOMPRESORA DARBPLUSMU 8

2.1 Pirmapstrades projekta struktiira
2.2 Izstradajiet modeli

2.3. Visparigi ievades dati

2.4 Elementu ievades dati

2.4.1 Dzingjs 9
2.4.2 Cilindrs 10
2.4.3 Gaisa dzeséetajs 14
2.4.4 Turbokompresors 14
2.4.5. Sistémas robeza 15
2.4.6 Kopsapulce 15
2.4.7 Caurules 16
2.4.8. Merisanas punkts 17
2.4.9. Tilpuma efektivitates atskaites punkts 17
3 DEGVIELAS PADEVES SISTEMAS MATEMATISKAIS
MODELIS 18
3.1 Modela sastavs un funkcionalitate
3.2 Procesu modelésana spiediena regulatora
3.2.1 Teorétiskie pamati, pien€mumi un vienkarSojumi. 18
3.2.2 Modela sakotngjie dati 18

3.3 Procesu modeléSana inzektora
3.4 ECU procesu simulacija

3.5. Procesu modelésana degvielas sliedé

© 0 0 o

18
18

19
19
19
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1. VISPARIGI NOTEIKUMI PAR MATEMATISKA MODELA SASTAVU UN
FUNKCIONALITATI

1.1 Izveidotajam matematiskajam modelim pienacigi jaatspogulo procesi, kas notiek iekSdedzes dzingja
cilindra un ta degvielas padeves sistema.
1.2 Matematiskas modeléSanas mérkis ir izstradat un optimizét Gdenraza dzinéja degvielas parvaldibas

sistému.
1.3. Modelim jabat sarezgitam, kas sastav no funkcionalam dalam: "DZINEJA MODELIS" un

"APUDENOSANAS PIEGADES MODELIS", kas savstarpéji savienotas ar iterativu ciklu, ka paradits
diagramma 1. attéla.

Engine Operating Condition
Engine Speed, Boost Pressure,

excess air ratio etc.

Physical (functional)
Engine Geometry parameters of fuel supply
Bore, Stroke, Con. Rod Injector Inlet Pressure, Injector

Length, Comp. Ratio, Inlet Temperature, Flow
Valve Geometry etc. through Injector ect.

l ENGINE MODEL J ‘

]

FUEL SUPPLY MODEL J

Required
Cyclic Fuel
Supply

Effecti . :
Power, Effective Fuel
Consumption, Cylinder
Pressure etc.

Risi. 1. Kombinéta modela shema

1.3. Matematiskais modelis ir paredzéts:
e motora darbibas galveno parametru iepriek3€ja noteik3ana, to parveidojot par tidenraza degvielu,
e motora vadibas sistémas - gazes plismas - "funkcionalo" prasibu noteikSana un parbaude, uzturot
nepiecieSamo spiedienu un maisijuma sastavu atkariba no motora darbibas rezima.
e 6 cilindru GdenraZza dzingja darbibas parametru simulacija ar turbokompresoru, kas darbojas

saskana ar lokomotives raksturlielumu klokvarpstas atruma diapazona no 600 [idz 2000 apgr./min.

1.4 Pétljuma objekts ir dzingjs, dizellokomotive DM90 DMU, - (2x) Cummins NTA 855 R4, jauda (2) x 320
kW (430 ZS), parveidota par tdenraza degvielas izmantoSanu.
1.5. Visi dati un skaitli Saja dokumenta tiek izmantoti tikai ilustrativiem nolakiem.
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2 SESU CILINDRU DIZELDZINEJA MATEMATISKAIS MODELIS AR
TURBOKOMPRESORA DARBPLUSMU

Uz modela sakotngjo iestatiSanu attiecas $adas prasibas:
¢ Degvielas zemako siltumspéju un stehiometrisko gaisa/degvielas attiectbu aprékina modelis,
pamatojoties uz to termodinamiskajam Tpasibam.
¢ Degvielu un darba Skidruma Kimisko tipu (1pasibu) skaitu un veidu nosaka modelis.
e Degvielas sastavu (daudzumu, veidu un attiecibu) nosaka modelis

2.1 Pirmapstrades projekta struktira

Modelis ir jaievieS un jasaglaba atseviska direktorija datora operétajsistéma. Lai iespgjotu pécapstradi,
simulacijas rezultatu faili ir jaieladé noteikta direktorija datora operétajsistéma.

2.2 Izstradajiet modeli

Modelis japrojekté pa elementiem, péc tam savienojot konstrukcijas elementus ar masu nesoSajam
saitem (caurulém). Alternativi, elementus var novietot vélamaja seciba. Model jaieklauj $adas funkcijas:

Ne Elements Apzim&jumu Daudzums
1 Cilindri C 6

2 Dzingjs E 1

3 Turbokompresoru TC 1

4 Gaisa dzesétajs CO 1

5 Kopsapulces PL 3

6 Sistémas robeZas SB 2

7 MeriSanas punkti MP 8

8 Caurulu numuri 18

Saja attéla paradits izveidota modela piemérs:
E1

@ SB1 PL1
oA l MP3

35 99 80 1 93 82
MP4

o1 Xe2 Xo3 X o4 Xes X 06
MPS

5 w04 g [19 4

50 |F'L2 FL3

2. zZim. Dizeldzingjs ar turbokompresora modeli

2.3. Visparigi ievades dati

lepriek$ janosaka matematiskd modela globalie ieguldijumi un katra strukturalad elementa kopéjie
ieguldijumi. Tie ietver:

1. SIMULACIJAS UZDEVUMI
Atlasiet Cikla simulacija.

2. CIKLA SIMULACIJA
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Simulacijas beigas

10800 deg.

Simulacijas solis Izmérs 1 deg.

3. KLASISKO SUGU IESTATISANA
Degviela: Udenradis

Zemaka apkures veértiba: 120000 kJ / kg
Stehiometriska A/F attieciba: 34,4

4. INICIALIZACIJA

Spiediens (bar) | Gazes temp | Degvielas tvaiki | DegSanas Koeficienta
(degC) produkti vertiba
1. komplekts 2.6 66.85 0 0 14.7
2. komplekts 2.4 596.85 0 0.5413793 14.7

5. RESTARTEJIET VADIBU

Ipatnéjais intervals

0 gradi intervala saglabasanai.

6. IZVADES VADIBA

3 gradi taupiSanas

intervalam.

2.4 Elementu ievades dati

2.4.1 Dzinejs

VISPARIGI

Cykle tips — 4-taktu (2 kloka varpstas apgriezieni cikla).

CILINDRA IESTATISANA
Katra cilindra apdedzinaSanas seciba attieciba pret absolto klokvarpstas starta lenki (0 gradi).

Num. cyl. 1 2 3

4 5

6

Lenka deg. 0 480 240

600

120

360

Motora berze nelabvéligi ietekmé motora maksimalas darba jaudas un degvielas ekonomijas 1pasibas un
tieSi veido lielu dalu no degvielas patérina atSkiribas starp aukstu un pilnu siltu dzing&ja darbibu. Lai
aprékinatu bremzu vidéjo efektivo spiedienu (BMEP) un bremzu Tpatnéjo degvielas patérinu (BSFC), ir
jaspecificé berzes vidgjais efektivais spiediens (FMEP) virs motora apgriezienu skaita un motora slodzes.
FMEP var noradit ka motora slodzes funkciju, ko parstav BMEP, un motora apgriezienu skaitu.

Motora berzi var noteikt attieciba pret motora apgriezienu skaitu vairakam slodzém, kas izteiktas ar BMEP.

e Defingjiet motora slodzi (BMEP). BMEP: 15 bari.
e Tabula defingjiet berzes vidgjo efektivo spiedienu (FMEP) attieciba pret motora apgriezienu skaitu

Motora apgriezienu skaits | FMEP josla
minite

800 0.7

2700 2.5

Novertgjot tabulu izpildes laika, tiek pieméroti $adi noteikumi:

e  Vertibas, kas nav skaidri noraditas tabula, iegiist, interpolgjot ar faktisko atrumu un slodzi.
e Darbibas punktiem arpus definéta diapazona programma izmantos vertibas uz definéta diapazona robezas.
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Ja nav pieejami dati par berzi ka slodzes funkciju, FMEP 0,2 baru starpiba starp nulli un pilnu slodzi var kalpot ka
aptuvena vadlinija.

2.4.2 Cilindrs

Cilindru specifikacijas aptver cilindra un klokvarpstas pamatizmérus (urbums, gajiens, saspie$anas
pakape, konroda garums, virzula tapas nobide, aizdedzes seciba), ka arT informaciju par sadegSanas
raksturlielumiem, siltuma parnesi, atsiknéSanas procesu un pievienoto caurulu varsta/pieslégvietas
specifikacijam. Turklat japrecizé sakotnéjie nosacijumi aprékiniem balona.

Ja tiek izmantots standarta klokvarpsta, virzula kusttbu aprékina no gajiena, konroda garuma un virzula
tapas nobides. Pozitivas virzula tapas nobides virziens ir definéts ka klokvarpstas grieSanas virziens
augséja mirusaja centra (TDC).

e}

e: piston pin offset
B: bore

3. zim. Standarta klokvarpsta

Relativo virzula poziciju definé ka virzula attalumu no TDC pozicijas attieciba pret pilnu gajienu. Nulles
gradu kloka lenkis atbilst izvéléta cilindra $auSanas TDC.

Nemot véra triecienu no balona, janorada lidzvértiga efektiva atstarpe, ka ari vidéjais kartera spiediens.
Faktisko trieciena masas plismu aprékina péc apstakliem balona un spiediena karterT, ka art no efektiva
plismas laukuma, ko aprékina péc balona apkartméra un efektivas atstarpes. Tiek zaudéta trieciena
masas plisma. Nevar apsveért atkartotu cirkulaciju uz uznemsanu.

Dati par balonu ir uzskaititi ndkamaja tabula.

Nesa: 140 mm
Glaudtt: 152 mm
SaspieSanas pakape: 14

Konstiena garums: 257 mm
Virzula tapas nobide: 0 mm
Efektivs trieciens ar plaisu: Om

Vidéja kartera prese: 1 bars

10. Ip. no 33



Scavenge modelis: Perfekta sajaukSana

INICIALIZACIJAS

Iniciejot janorada balona apstakli (spiediens, temperattra un gazes sastavs) augsta spiediena beigas pie
izplides varsta atvéruma. Katra cilindra apstaklu simulacija sakas ar pirmo izplades atveri un iepriek$
netiek veikta.

Sakotngjie apstakli EO (izpludes varsta atvérSana)

Spiediens: 4.5 bars
Temperatira: 726,85 degC

Sakotnéjais gazes sastavs

Koeficienta veids: A/F attieciba
Koeficienta vertiba: 14.7

Degvielas tvaiki: 0

DegS$anas produkti: 0.628

SADEDZINASANAS

Kopéjo degSanas laika izdaltto siltumu aprékina no cilindra sadedzinata degvielas daudzuma un
degvielas zemakas sildiSanas vértibas.

Motoriem ar iek8&jo maisijumu sagatavoSanu degviela tiek iesmidzinata tieSi cilindra, un tapéc degvielas
uzpilde ir dala no cilindra specifikacijas. Degvielas uzpildi var noradit ka degvielas masu, ko iesmidzina
cilindra, vai ka mérka A/F attiecibu, kur faktisko degvielas padeves degvielu aprékina katru ciklu no gaisa
masas cilindra un noteiktas gaisa un degvielas mérka attiecibas.

MaisTjuma sagatavoSanas iestatljums nosaka balona iztvaiko$anas apstradi un vietéjas sadegSanas
lambda izstradi 2 zonu degSanas rezima. lek§€ja maisijuma sagatavo$anas gadijuma (parasti
nehomogéns maistjums, kompresijas aizdedze) tiek pienemts, ka iztvaicéta degviela tiek tiesi
sadedzinata. Vietéja sadegSanas lieka gaisa attieciba lineari palielinas, sadedzinot masas dalas degvielu
no vértibas, kas ir tuvu 1, lidz vértibai, kas garanté, ka nesadegust zona pazud degSanas beigas. Tiek
pienemts, ka vietéja sadegSanas lieka gaisa attieciba degSanas laika ir nemainiga (iznémums ir Fractal
Combustion modela stratificétas uzlades opcija).

Noradita Tkne tiek normalizéta ta, lai laukums zem liknes bltu vienads ar vienu. Faktisko pievienotas
degvielas daudzumu nosaka vai nu tiesi, vai ar mérka A/F attiecibu.

Siltuma izdaliSanas ar Single Vibe funkciju

Vibe funkcija ir loti &rta metode siltuma izdali$anas raksturlielumu aprakstiSanai. To nosaka deg8anas
sakums un ilgums, formas parametrs "m" un parametrs "a". STs vértibas var noradit vai nu ka nemainigas
vértibas, vai art atkartba no motora apgriezienu skaita (apgriezienos mindté) un motora slodzes (izteikta
ka BMEP baros).

Dizeldzingjos sadegSanas raksturlielumi liela méra ir atkarigi no degvielas iesmidzinaSanas sistémas
iesp&jam, kompresijas pakapes un uzpites gaisa temperatiras.

Lai nodroSinatu precizas motora simulacijas, péc iespéjas precizak jasaskano motora faktiskais siltuma
izlaiSanas raksturlielums (ko var iegat, analizéjot izmérita cilindra spiediena vésturi). Lai iegGtu
novértéjumu par nepiecieSamo deg8anas ilgumu, lai sasniegtu noteiktu kloka lenka intervalu starp 10%
un 90% sadedzinatas masas dalas, var izmantot 8adu diagrammu (4. att.).

Deg8anas sakums janosaka, nemot véra degvielas patérinu, balona maksimala spiediena ierobeZojumu.
Vibe parametrs "a" raksturo degSanas pilnigumu. Pilntgai sadedzinasanai ir nepiecieSama vértiba 6,9.
Deg$anas sakuma, deg$anas ilguma un formas parametru kartes: Sis vértibas var noradtt ka karti
atkariba no motora apgriezienu skaita un slodzes (BMEP).

DegsSanas sakums: 714 deg.
Degsanas ilgums: 75 gradi
FormésSanas parametrs m 0.85
Parametrs a 6.9
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4. zim. kloka lenkis, kas saistits ar degSanas ilgumu

SILTUMA PARNESANA

Cilindram ir pieejami 8adi siltuma parneses modeli: Woschni 1978.

Papildus siltuma parneses koeficientam, ko nodro8ina siltuma parneses modelis, janorada virzula,
cilindra galvas un starplikas virsmas laukumi un sienas temperatara.

Sienas temperatiaru defin€ ka vidgjo temperatiru virs virsmas.

KalibréSanas koeficientu katrai virsmai var izmantot, lai palielinatu vai samazinatu siltuma parnesi.
Attieciba uz virsmas laukumiem var izmantot $adas pamatnostadnes:

Virzulis: virsmas laukums ir aptuveni 1,3 lidz 1,5 reizes lielaks par urbuma laukumu.

Cilindra galva: virsmas laukums ir aptuveni vienads ar urbuma laukumu.

Oderéjums ar virzuli TDC: Laukumu var aprékinat no aprékinata virzula lidz galvas klirensam, kas
reizinats ar cilindra apkartméru.

Sienas temperatUra janorada virzula TDC un BDC pozicijas. Starp 8im pozicijam tiek pienemts 1pass
temperatdras profils.

Lai nemtu véra balona uzputes kustibas ietekmi uz siltuma parneses koeficientu, janorada cilindra virpula
attieciba (definéta ka uzpates rotacijas atrums attieciba pret motora apgriezienu skaitu).

Katrai sienai (galvai, virzulim un starplikai) janorada efektivais sienas biezums kopa ar materiala datiem.
Vaditspéja un siltuma jauda.

Virzulis:

Teritorija: 14000 mm2

Sienas temperatira: 276,85 degC

Virzula kalibréSanas koeficients: 1

Cilindra galva:

Teritorija: 11000 mm2
Sienas temperatira: 246,85 degC
Galvas kalibréSanas koeficients: 1

Linijparvadataju:

Teritorija: 500 mm2 (Virzulis pie TDC)

Sienas temperatira: 176,85 degC (virzulis pie TDC)
Sienas temperatira: 86,85 degC (virzulis pie BDC)
Starplikas kalibréSanas koeficients: 1

SadedzinaSanas sistéma DI

Incilindra virpula attieciba: 1.9

VARSTU PIESLEGVIETAS SPECIFIKACIJAS

Varsta pacélumu nosaka varsta pacelSanas Itlkne un varsta klirenss.

Noradot pirma varsta pacéluma vértibas kloka lenki un izcilna garumu, tabula ir definéts kloka lenka
diapazons. Varsta pacelSanas Iiknes atskaites punktu skaitu var noteikt tieSi vai ievadot nemainigu kloka
lenka intervalu starp diviem varsta pacelSanas punktiem.

Péc atskaites punktu ievades pabeigSanas ievade tiek paradita grafikas loga tdlitgjai kontrolei.
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Ja varsta pacel$anas Iikne jau ir noradrita tabula, jauna pirma varsta pacel$anas laika specifikacija maina

visu varsta pacel3anas Iikni.

Ja izcilna garums tiek mainits, no varsta pacelSanas ltknes aprékina Tséku vai garaku varsta pacelSanas

[tkni, pienemot, ka varsta pacelSanas atrums ir lidzigs.
Caurule tiek kontroléta ar varstu.

Caurulu ieplade

lekSéja varsta sédekla (= atskaites) diametrs 41 mm
Varsta klirenss 0,3 mm
Merogo$anas koeficients Eff. Plismas laukums 1
Pacel3anas likne:

Galds kloka lenkim un varsta pacelSanai.

Varsta atvéerSana 310 gradi
Izcilna garums 310 gradi
Pieaugums 10 gradi

Plismas koeficients:
Tabula varsta pacelSanai un plismas koeficientam
Spiediena attieciba 0.99

Efektivs varsta pacelSana
Caurulu izplade

lek3&ja varsta sédekla (= atskaites) diametrs 39 mm
Varsta klirenss 0,4 mm
Merogosanas koeficients Eff. Plismas laukums 1
PacelSanas Ikne:

Galds kloka lenkim un varsta pacel3anai.

Varsta atvérsana 82 gradi
Izcilna garums 340 gradi
Pieaugums 10 gradi

Plasmas koeficients:

Spiediena attieciba 0.99

Efektivs varsta pacelSana

Skatiet So tabulu par varsta pacelSanas un plismas koeficienta ievades datiem izplGdes caurules 11

plismas koeficientam.

Iepliides caurule Izpliides caurule
Pacel$anas likne Plasmas koeficients PacelSanas likne Pliismas koeficients
Kloka Varsta Varsta Flow Coeff | Kloka Varsta Varsta Flow Coeff
lenka deg pacelSana pacelSana lenka deg pacel$ana pacel$ana

mm mm mm mm
310 0 0 0 82 0 0 0
320 0.04 1 0.085 92 0.03 1 0.095
330 0.14 2 0.155 102 0.14 2 0.183
340 0.26 3 0.22 112 0.26 3 0.25
350 0.45 4 0.285 122 0.38 4 0.33
360 1.02 5 0.345 132 0.56 5 0.393
370 2.16 6 0.4 142 1.13 6 0.47
380 3.7 7 0.438 152 2.25 7 0.53
390 5.31 8 0.465 162 3.76 8 0.603
400 6.81 9 0.485 172 5.38 9 0.65
410 8.11 10 0.497 182 6.9 10 0.69
420 9.21 11 0.5 192 8.26 11 0.71
430 10.08 12 0.505 202 9.42 12 0.735
440 10.72 212 10.36
450 11.13 222 11.09
460 11.3 232 11.61
470 11.23 242 11.9
480 10.91 252 11.96
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490 10.37 262 11.81
500 9.58 272 11.43
510 8.58 282 10.83
520 7.35 292 10.01
530 5.93 302 8.98
540 4.35 312 7.74
550 2.75 322 6.31
560 141 332 4.74
570 0.61 342 3.13
580 0.31 352 1.74
590 0.19 362 0.84
600 0.07 372 0.46
610 0.01 382 0.03
620 0 392 0.21
402 0.09
412 0.01
422 0

2.4.3 Gaisa dzesétdjs

Gaisa dzesétaja Calkulacijas modelis (plenums-caurule-plénums) tiek izmantots, lai modelétu gaisa
dzesétaja gazes dinamisko veiktspéju, ka arT spiediena kritumu virs gaisa dzesétaja atkariba no
faktiskajiem plismas apstakliem. Turklat, pamatojoties uz izkartojuma datiem, tiek izveidots gaisa
dzesétaja dzeséSanas veiktspéjas modelis. Dati par gaisa dzesétaju ir uzskaititi zemak.

DzeséSanas veiktsp&ju nosaka dzeséSanas Skidruma temperatira un mérka efektivitate. Dzesétaja
efektivitati definé ka sasniegto temperatiras starpibu, kas saistita ar maksimalo iespéjamo temperatiras
starptbu. Pamatojoties uz $o informaciju, programma regulé siltuma parnesi caurulé, kas modelé
dzeséSanas serdi.

Geometriskas Tpasibas

Kopéjais gaisa dzesétaja tilpums: 10 (I
leplides kolektora tilpums: 3

IzpllGdes kolektora tilpums: 3
DzeséSanas serdes garums: 600 mm

Gazes 1pasibas

Masas plisma 0,333 kg/s

Mérka spiediena kritums 5000 Pa
Mérka izejas temperatira 340 K

leplides gaisa temperatira 415K
leplides spiediens 260000 Pa
DzeséS8anas Skidruma temperatira 298 K

PLUSMAS KOEFICIENTI
Caurulu ieplade 1
Caurulu aizpldsana 1

2.4.4 Turbokompresors

Turbokompresora dati ir uzskaititi zemak.

VienkarSotais modelis ir piemérots vienmériga stavokla simulacijam un nem véra vidéjo kompresora un
turbinas efektivitati visa cikla, lai aprékinatu turbokompresora energijas bilanci. St modela priekSrociba ir
ta, ka tam ir nepiecieSami tikai ierobezoti dati, lai aprakstitu turbokompresora veiktspéjas raksturlielumus.
NepiecieSamais turbinas izmérs tiek aprekinats no mérka spiediena attiecibas visa kompresora un
turbokompresora efektivitates, pienemot turbinas lieluma reizinataju.

levadiet datus turbokompresora reZims ir paradits nakamaja tabula.

VIENKARSOTS MODELIS

Mehaniska efektivitate veido rotora mehaniskos zudumus.

Blakus spiediena attiecibai ir jaievada kompresora efektivitate, kas var bt vai nu nemainiga, vai atkariga
no korigéta tilpuma / masas plismas. Sai atkaribai papildus ir jaievada atsauces nosacijumi. Kompresora
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efektivitati var nemt no kompresora veiktsp&jas kartes, izmantojot paredzamo spiediena attiecibu un
kompresora masas plismas datus.

Aprékina reZims: turbinas izkartojuma aprékins. Turbinas efekfivo plismas laukumu aprékina péc
ekvivalenta izplldes koeficienta (turbinas izpleSanas koeficienta konstante vai funkcija) un turbinas
atskaites laukuma. Turbinas atskaites laukumu var ievadit tieSi vai aprékinat no caurules Skérsgriezuma,
kas atbilst turbinas izejai un caurules laukuma mérogo$anas koeficientam.

Equiv. Turbinu koefs. 0.15
Turbo ladétaja kopéja efektivitate 0.54
Kompresora efektivitate 0.79
Mehaniska efektivitate 0.98
Kompresora spiediena attieciba 2.6

lepludes trauc&jumu plismas koeficients0.15

2.4.5. Sistemas robeza

Katras sistémas robezas dati ir noraditi nakamaja tabula.

ROBEZNOSACIJUMI

Vietgjie robeznosacijumi. Apkartéjas vides apstakli (spiediens, temperatira, gaisa/degvielas attieciba,
degvielas tvaiki un sadeg$anas produkti) janorada vai nu ka nemainigas vertibas, vai tabula ka laika vai
kloka lenka funkcijas.

Spiediens (Pa) Gazes temp (K) Koeficienta Koeficienta
veids vertiba
SB1 100000 298 A/F attieciba 10000
SB 2 100000 780 A/F attieciba 28

PLUSMAS KOEFICIENTI
Plismas koeficienti pliismai no apkartéjas vides caurulé galvenokart ir atkarigi no caurules gala
izvirzijuma caur sienu, kura tas ir uzstadits, un no ta zvana ipasitbam.

SB1 Caurulu iepliide 0.95 Caurulu aizplusana | 0.95
SB?2 Caurulu iepliide 0.75 Caurulu aizplusana | 0.75

2.4.6 Kopsapulce

Plenums ir definéts ka elements, kura netiek nemtas véra telpiska spiediena un temperatiras at3kiribas.
Tas nozimé, ka plismas impulss plenuma tiek atstats novarta.
Dati par plénumiem ir noradtti nakamaja tabula.

VISPARIGI
Opcijai Geometrijas definicija atlasiet Skalums vai Diametrs un garums.
Tilpums (1) Inicializacijas
1. kopsapulce | 6 1. komplekts
2. kopsapulce | 0.3 2. komplekts
3. pléenums 0.3 2. komplekts

PLUSMAS KOEFICIENTI

Lai nemtu véra Tpasus spiediena zudumus, kas rodas no daudzdimensiju pllismas paradibam, kuras
programma nevar tiesSi paredzét, nepiecieSams precizét plismas koeficientus plismai un izpliSanai katra
caurules stiprinajuma. Plismas koeficientus definé ka attiecibu starp faktisko masas plismu un
bezzudumu izoentropiskas masas plismu ar tadu pasu stagnacijas spiedienu un tadu pasu spiediena
attiecibu.

Plasmas koeficientus katram caurules stiprindjumam var noradit vai nu ka nemainigas vértibas, vai
tabula ka laika funkcijas sekundés, laiku grados kloka lenkT vai spiediena starpibu caurules stiprinajuma.
Plasmai (plasmai kopsapulcé) spiediena starpibu definé ka statisko spiedienu caurulé, no kura atnemts
spiediens plénuma. Izpludei ka spiediens pleénuma minus statiskais spiediens caurulé.

1. Caurulu 3 Ieplude 0.95 Caurulu 3 Ieplude 0.95
kopsapulce | Caurulu 4 Ieplide 0.9 Caurulu 4 leplide 0.9
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Caurulu 5 Ieplide 0.9 Caurulu 5 Ieplide 0.9
Caurulu 6 Ieplide 0.9 Caurulu 6 Ieplide 0.9
Caurulu 7 Ieplide 0.9 Caurulu 7 Ieplide 0.9
Caurulu 8 Ieplide 0.9 Caurulu 8 Ieplide 0.9
Caurulu 9 Ieplide 0.9 Caurulu 9 Ieplide 0.9
2. Caurulu 10 Ieplide 0.9 Caurulu 10 Ieplide 0.9
kopsapulce | Caurulu 11 Ieplide 0.9 Caurulu 11 Ieplide 0.9
Caurulu 12 Ieplide 0.9 Caurulu 12 Ieplide 0.9
Caurulu 16 Ieplide 0.95 Caurulu 16 Ieplide 0.95
3. plénums | Caurulu 13 Ieplide 0.9 Caurulu 13 Ieplide 0.9
Caurulu 14 Ieplide 0.9 Caurulu 14 Ieplide 0.9
Caurulu 15 Ieplide 0.9 Caurulu 15 Ieplide 0.9
Caurulu 17 Ieplide 0.95 Caurulu 17 Ieplide 0.95

2.4.7 Caurules

Termodinamiska dzingja simulacijai, kura nemta véra ieplades un izplides sistému gazes dinamika,
caurules elements ir viens no svarigakajiem motora modela elementiem. Viendimensijas plismu caurulés
apréekina, atrisinot atbilstoSos vienadojumus. Tas nozimé, ka caurule ir vienigais elements, kura tiek
nemta véra laika nobide, ko izraisa spiediena vilnu izplatiSanas vai pati plusma.
Modelis lauj noradit caurules diametru (nemot véra to pasu Skérsgriezuma laukumu), lieces radiusu,
berzes koeficientu, sienas siltuma parneses koeficientu, sienas temperatiiru, ka arT sakotnéjas spiediena,
gazes temperatdras, A/F attiectbas, degvielas tvaiku koncentracijas un sadegSanas produktu
koncentracijas vértibas atkariba no atraSanas vietas caurulé.

VISPARIGI

Tiek izmantots nokluséjuma lieces radiuss (100000 mm).
Katras caurules dati ir noraditi nakamajas tabulas. Globala inicializacija tiek izmantota caurulem 3 - 17,
un vietéja inicializacija tiek izmantota 1., 2. un 18. caurulei.

Caurulu | Garums Diametrs Berzes Siltuma parneses | Sienas temp | Inicializacijas
(mm) (mm) koefs. koeficients (K)
Caurulu 1 400 85 0.02 1 298 Skatit zemak
Caurulu 2 800 85 0.02 1 350 Skatit zemak
Caurulu 3 800 85 0.02 1 320 1. komplekts
Caurules 4-9 700 GALDS 0.02 1 GALDS 1. komplekts
Caurulu 10 250 38 0.02 1 500 2. komplekts
Caurulu 11 300 38 0.02 1 500 2. komplekts
Caurulu 12 300 38 0.02 1 500 2. komplekts
Caurulu 13 250 38 0.02 1 500 2. komplekts
Caurulu 14 300 38 0.02 1 500 2. komplekts
Caurulu 15 300 38 0.02 1 500 2. komplekts
Caurulu 16 300 40 0.02 1 470 2. komplekts
Caurulu 17 600 40 0.02 1 470 2. komplekts
Caurulu 18 1500 100 0.02 1 450 Skatit zemak
4-9 caurulu diametra un sienas temperatdras dati ir uzskaititi nakamaja tabula.
Diametrs Sienas temperatiira
Atrasanas vieta X (mm) Diametrs Y (mm) Atrasanas vieta X | Sienastemp Y (K)
(mm)

Caurules4 -9 0 55 0 320

100 44 580 320

580 38 700 400

700 41

INICIALIZACIJAS

Nosacijumus caurulé var definét ar lokalo vai globalo inicializaciju.

Globalajai inicializacijai parametri tiek nemti no iepriek$ definétas kopas.
Viet&jai inicializacijai iepriek$ definétu kopu var izmantot ka sakumpunktu nepiecieSamajiem
parametriem. P&c tam tos var iestatit atseviski, redigéjot atbilstoSo numuru.
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leeja var biit nemainiga vai ar tabulu, kur to var noradit ka attaluma funkciju no caurules augsteces gala.
Pirma vértiba janorada caurules augSpusé (atrasanas vieta = 0) un pédgja vértiba lejpus caurules gala
(atraSanas vieta = garums).

Talak noraditajiem lietotajiem atlasiet Lokala inicializ€Sana un ievadiet paraditos datus.

Preferencu Spiediens (Pa) Gazes temp (K) Attieciba Attieciba
Tips Vertiba
Caurule Nr. | 1. komplekts 100000 298 A/F attieciba 10000
1
Caurule 2 1. komplekts 260000 415 A/F attieciba 10000
Caurule 18 | 1. komplekts 1050000 780 A/F attieciba 28

2.4.8. Meérisanas punkts

Izmantojot mériSanas punktus, jus varat piekltt plismas datiem un gazes apstakliem kloka lenki noteikta
vieta caurulé. MériSanas punkta atraSanas vieta janorada ka attalums no caurules gala augSpuseé.
Meérijumu punkta izvade:

Spiediens, plismas atrums, temperatira, Mach skaitlis un masas plismas atrums. Papildu stagnacijas
spiediena, stagnacijas temperatlras, entalpijas plusmas, degvielas koncentracijas, sadegsanas produktu
koncentracijas, degvielas plismas, sadegSanas produktu plismas, uz priekSu un atpakal spiediena un
atruma vilnu izeja.

1. VISPARIGIE NOTEIKUMI
Dati par mériSanas punktiem ir uzskaititi Saja tabula.

Meérisanas punkta atraSanas vieta I1zlaides apjoms

no augs$pus caurules gala (mm)
MeriSanas punkts 1 400 Paplasinata
MeriSanas punkts 2 800 Paplasinata
MeEriSanas punkts 3 800 PaplaSinata
MeEriSanas punkts 4 700 PaplaSinata
MeEriSanas punkts 5 0 PaplaSinata
MeEriSanas punkts 6 300 PaplaSinata
MeEriSanas punkts 7 600 PaplaSinata
MeEriSanas punkts 8 0 PaplaSinata

2.4.9. Tilpuma efektivitates atskaites punkts

Modelis lauj ka atskaites punktu noradit sapul€u vai mérisanas punktu, lai aprékinatu gaisa padeves
koeficientu un tilpuma efektivitati saistiba ar ieplldes kolektora apstakliem.
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3 DEGVIELAS PADEVES SISTEMAS MATEMATISKAIS MODELIS

3.1 Modela sastavs un funkcionalitate

Modelis jaizpilda sarezgitu tehnisko sistému dinamiskas starpdisciplinaras modelé$anas vide, izmantojot
skaitliskus aprékinus, izmantojot vairaku paradigmu programmésanas valodu.
Modelis sastav no vadibas blokiem, izvades blokiem un aprékinu blokiem.

Modela vadibas bloki ir:

"n_, prm" sensors, kas nosaka motora apgriezienu skaitu.

"PWM_out, %" detektors, kas nosaka PWM signala darba ciklu (uzpildes platumu), kas
regulé elektroproporcionala varsta parejas sekciju ta vadibas neautomatiskaja rezZima.
"Automatiska reZima" slédzis, kas nosaka atbilstoSu elektroproporcionala varsta vadibas
rezimu.

"Timing_, msec" raiditajs, kas nosaka vadibas signala ilgumu inZektora elektromagnétam.
Sakotnégjais iestatijums "pin_, bar", kas nosaka ieplides spiediena regulatora ieplGdes
spiediena absolato vértibu.

"Poda" raiditajs, kas nosaka izpludes spiediena vértibu no gazes spiediena regulatora, kas
saistits ar iepludes spiedienu.

"Environment Temp, C deg." seters, kas nosaka apkartéjas vides temperatru.

Indikatori ir bloki modeléSanas rezultatu paradiSanai:

lerice "PWM_, %", kas parada PWM signala darba ciklu (uzpildes platumu), kas regulé
elektroproporcionala varsta plismas sekciju ta vadibas automatiskaja rezima.

lerice "In-line Pressure_, Bar", kas parada izplides spiediena vértibu no gazes spiediena
regulatora - spiedienu degvielas kolektora (gazes padeves spiediens balonam).
Instruments "Cikliskd gazes supply , mg", kas parada cikliskas gazes padeves vértibu
balonam. To dublé displeji "litri/cikls" un "kg/stundd", kas atspogulo attiecigos gazes
patérina raditajus sistéma.

Aprékina bloki modelr:

"PV iestatljums" — apstrada iepliides spiediena vértibu gazes spiediena regulatora.

"ECU" simulé sistémas ECU algoritmu.

"Gazes regulators" simulé Gdenraza plismas procesus spiediena regulatora.

"Degvielas savacéjs" simulé fizikalos procesus degvielas sliedé.

"Inzektors" simulé GdenraZa izpltdes procesus caur inZektoru (ddenraza inZektoru).

Ertibas labad modela saskarné jaieklauj arT atsauces tabula, kas savieno lokomotives dzingja darbibas
reZimu (Notch, RPM) ar nepiecieSamo ciklisko tdenraZa padevi (cikliska padeve).

3.2 Procesu modelésana spiediena regulatora

3.2.1 Teorétiskie pamati, pienemumi un vienkarsojumi.

Izstradajot procesu matematisko modeli spiediena regulatora, tika izdariti $adi pienémumi un

vienkarsojumi:

- Gazes plisma ir izoentropiska un adiabatiska.
— Gazes viskozie berzes spéki ir niecigi, un tapéc tos nenem véra aprekina.

3.2.2 Modela sakotnéjie dati

Modela sakotnéjie dati ir Sadi parametri:
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— gazes spiediens reduktora ieeja;

— Gazes temperatira pie reduktora ieplides;

- Spiediena parsniegSana reduktora teltl virs izplides spiediena;
— Atrumkarbas telts tilpums;

— ieplldes sprauslas diametrs;

- Izejas sprauslas diametrs.

3.3 Procesu modelésana inzektora

ModeléSanas metodei jabalstas uz Skidruma un gazes mehanikas teorétiskajiem noteikumiem.
Izstradajot matematisko modeli, var izdarit S$adus pienémumus un vienkarSojumus:
- Gazes plusma caur inzektora varsta kritisko dalu ir izoentropiska un adiabatiska.
- Izplade notiek motora cilindra dobuma ar mainigu spiedienu kompresijas sekcija.
- Elektromagnéta spéka pieaugumu dod laika lineara funkcija.
- Termodinamiskie parametri motora cilindra kompresijas sekcija tiek aprékinati, pamatojoties uz
pieneémumu, ka taja ir tikai tirs gaiss.

3.4 ECU procesu simulacija

Udenraza padeves sistémas elektroniskais vadibas bloks motora cilindriem ir paredzéts, lai generétu
vadibas signalu inzektora elektromagnétiem atkariba no vides apstakliem un motora darbibas rezima.
ECU kontrolé arT gazes regulatora proporcionala varsta parejas sekciju, lai uzturétu iestatito ddenraza
spiedienu sistéma.

"Neautomatiskaja" vadibas rezZima ECU uztver aré€ja setera iestatita vadibas signala ilgumu un izvada to
uz inZektoru, ka arT uztver aréja setera iestatita PWM vadibas signala darba ciklu un izvada to uz
parnesumkarbas proporcionalo varstu.

"Automatiskaja" vadibas rezima ECU uztver aréja setera iestatita vadibas signala ilgumu un izvada to uz
inzektoru, ka arT uztver izejas spiediena vértibu no argja setera iestatita gazes regulatora-reduktora,
nosaka nepiecieSamo PWM vadibas signala darba atrumu proporcionali $ai vértibai un izvada to uz
parnesumkarbas proporcionalo varstu.

3.5. Procesu modelésana degvielas sliedé

Degvielas sliede ir vienkarss gazes "vaditajs" no reduktora I1dz inzektoram. Més uzskatam, ka ST ierice
rada nenozimigu pretestibu gazes plismai, ko var ignorét, model&jot GdenraZa piegades procesu
balonam.
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1 GENERAL PROVISIONS ON THE COMPOSITION AND FUNCTIONALITY OF
A MATHEMATICAL MODEL

1.1 The mathematical model created should adequately reflect the processes occurring in the cylinder of
the internal combustion engine and its fuel supply system.

1.2 The purpose of mathematical modeling is to develop and optimize the fuel management system for a
hydrogen engine.

1.3 The model should be complex, consisting of functional parts: "ENGINE MODEL" and "IRRIGATION
SUPPLY MODEL", interconnected by an iterative cycle, as shown in the diagram in Fig. 1.

Engine Operating Condition
Engine Speed, Boost Pressure,

excess air ratio etc.

Physical (functional)

Engine Geometry parameters of fuel supply
Bore, Stroke, Con. Rod Injector Inlet Pressure, Injector
Length, Comp. Ratio, Inlet Temperature, Flow
Valve Geometry etc. through Injector ect.
]

l ENGINE MODEL J

- Iteration '
L loop

[ ]

FUEL SUPPLY MODEL J

Required
Cyclic Fuel
Supply

Effecti . :
Power, Effective Fuel
Consumption, Cylinder
Pressure etc.

Rice. 1. Diagram of the combined model

1.3 The mathematical model is intended for:

o preliminary determination of the main parameters of the engine operation during its conversion to
hydrogen fuel,

e determination and verification of the "functional" requirements of the engine management system
- gas flow, maintaining the required pressure and mixture composition depending on the engine
operating mode.

e simulation of the operating parameters of a 6-cylinder hydrogen engine with a turbocharger,
operating according to the locomotive characteristic in the range of crankshaft speed from 600 to

2000 rpm.
1.4 The object of the study is the engine, diesel locomotive DM90 DMU, - (2x) Cummins NTA 855 R4,

power output (2) x 320 kW (430 hp), converted to the use of hydrogen fuel.
1.5 All data and figures in this document are used for illustrative purposes only.
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2 MATHEMATICAL MODEL OF THE SIX-CYLINDER DIESEL ENGINE WITH
TURBOCHARGER WORKFLOW

The following requirements apply to model presetup:
e The lower calorific value of the fuel and the stoichiometric air/fuel ratio are calculated by the
model based on their thermodynamic properties.
e The number and type of chemical types (properties) of fuels and working fluid are determined by
the model.
e The composition of the fuel (quantity, type and ratio) is determined by the model

2.1 Preprocessing Project Structure

The model must be implemented and stored in a separate directory on the computer's operating system.
To enable post-processing, the simulation result files must be loaded into a specific directory in the
computer's operating system.

2.2 Design the Model

The model should be designed element by element with the subsequent connection of structural
elements with mass-bearing ties (pipes). Alternatively, the elements can be placed in the order you
want.The model should include the following features:

Ne Element Designation Quantity
1 Cylinders C 6

2 Engine E 1

3 Turbocharger TC 1

4 Air Cooler CO 1

5 Plenums PL 3

6 System Boundaries SB 2

7 Measuring Points MP 8

8 Pipes Numbers 18

The following figure displays the created model example:
E1

Q 561 PL1
“er l MP3

30 99 80 1 g1 lsz
tP 4
CO1 c1 X2 Xoa X 5 X CB
P2
MP5
5 o4 g 49 4

58 [FL2 PL3

T-‘.

5

Fig. 2. Diesel Engine with Turbocharger Model

2.3 General Input Data

The global inputs of the mathematical model and the total inputs of each structural element must be
determined beforehand. These include:

1. SIMULATION TASKS
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Select Cycle Simulation.

2. CYCLE SIMULATION
End of Simulation 10800 deg.
Simulation Step Size 1 deg.

3. CLASSIC SPECIES SETUP
Fuel: Hydrogen

Lower Heating Value: 120000 kJ/kg
Stoichiometric A/F Ratio: 34.4

4. INITIALIZATION

Pressure (bar) Gas Temp | Fuel Vapor Combustion Ratio Value
(degC) Products
Setl 2.6 66.85 0 0 14.7
Set 2 2.4 596.85 0 0.5413793 14.7

5. RESTART CONTROL
Specific Interval 0 deg for Saving Interval.

6. OUTPUT CONTROL
3 deg for Saving Interval.

2.4 Element Input Data

2.4.1 Engine

GENERAL
Cykle Type — 4-stroke (2 Crank Shaft Revolutions per Cycle).

CYLINDER SETUP

Firing order of each cylinder with reference to the absolute crankshaft start angle (0 deg).

Num. cyl. 1 2 3 4

5 6

Angle deg. 0 480 240 600

120 360

Engine friction adversely affects the maximum work output and fuel economy characteristics of an engine
and directly accounts for much of the difference in fuel consumption between cold and full-warm engine
operation. For the calculation of the brake mean effective pressure (BMEP) and the brake specific fuel
consumption (BSFC), the specification of friction mean effective pressure (FMEP) over engine speed and
engine load is required. The FMEP can be specified as a function of engine load, represented by the

BMEP, and the engine speed.

The engine friction may be defined versus engine speed for several loads expressed by BMEP.

e  Define the engine load (BMEP). BMEP: 15 bar.

e Define the Friction Mean Effective Pressure (FMEP) versus engine speed in the Table

Engine Speed rpm FMEP bar
800 0.7
2700 2.5

The following rules apply when evaluating the table during runtime:
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e Values which are not specified explicitly in the table are obtained by interpolation with the actual speed
and load.

e  For operating points outside the defined range the values at the boundary of the defined range will be used
by the program.

If no data is available for the friction as function of load, a difference of 0.2 bar in the FMEP between zero and full
load may serve as a rough guide line.

2.4.2 Cylinder

The specifications for the cylinders cover the basic dimensions of the cylinder and the cranktrain (bore,
stroke, compression ratio, conrod length, piston pin offset, firing order), plus information on the
combustion characteristics, heat transfer, scavenging process and the valve/port specifications for the
attached pipes. Furthermore, initial conditions for the calculation in the cylinder must be specified.

If a standard cranktrain is used, the piston motion is calculated from the stroke, conrod length and piston
pin offset. The direction of positive piston pin offset is defined as the direction of the rotation of the
crankshaft at Top Dead Center (TDC).

V¥

e}

e: piston pin offset
B: bore

Fig. 3. Standard Cranktrain

The relative piston position is defined as the distance of the piston from the TDC position relative to the
full stroke. Zero-degree crank angle corresponds to the Firing TDC of the selected cylinder.

Considering blow-by from the cylinder, an equivalent effective blow-by gap must be specified as well as
the average crankcase pressure. The actual blow-by mass flow is calculated from the conditions in the
cylinder and the pressure in the crankcase, and from an effective flow area which is calculated from the
circumference of the cylinder and the effective blow-by gap. The blow-by mass flow is lost. No
recirculation to the intake may be considered.

The data for the cylinder is listed in the following table.
Bore: 140 mm
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Stroke: 152 mm
Compression Ratio: 14

Con-rod Length: 257 mm
Piston Pin Offset: 0 mm
Effective Blow by Gap: Om

Mean Crankcase Press: 1 bar
Scavenge Model: Perfect Mixing
INITIALIZATION

As initialization the cylinder conditions (pressure, temperature and gas composition) at the end of the high
pressure at exhaust valve opening must be specified. The simulation of the in-cylinder conditions for each
cylinder starts with the first exhaust opening and is not performed before.

Initial Conditions at EO (Exhaust Valve Opening)

Pressure: 4.5 bar
Temperature: 726.85 degC
Initial Gas Composition

Ratio Type: A/F Ratio
Ratio Value: 14.7

Fuel Vapour: 0

Combustion Products: 0.628
COMBUSTION

The total heat released during the combustion is calculated from the amount of fuel which is burned in the
cylinder and the lower heating value of the fuel.

For engines with internal mixture preparation the fuel is injected directly into the cylinder and the fueling is
therefore part of the cylinder specification. The fueling may be specified as the fuel mass which is injected
into the cylinder or as a target A/F ratio, where the actual fueling is calculated every cycle from the mass
of air in the cylinder and the specified target air/fuel ratio.

The Mixture Preparation setting determines the treatment of in-cylinder evaporation and the local
combustion lambda development for 2-Zone combustion mode. In case of Internal Mixture Preparation
(usually inhomogeneous mixture, compression ignition) it is assumed that the evaporated fuel is directly
combusted. The local combustion excess air ratio increases linearly with mass fraction fuel burned from a
value close to 1 up to a value which guarantees that the unburned zone disappears at end of combustion.
The local combustion excess air ratio is assumed to be constant over combustion (an exception is the
Stratified Charge option of the Fractal Combustion model).

The specified curve is normalized, so that the area beneath the curve is equal to one. The actual amount
of fuel added is either defined directly or by the target A/F-Ratio.

Heat Release by Single Vibe Function

The Vibe function is a very convenient method for describing the heat release characteristics. It is defined
by the start and duration of combustion, a shape parameter "m" and the parameter "a". These values can
be specified either as constant values or dependent on engine speed (in rpm) and engine load
(expressed as BMEP in bar).

In diesel engines the combustion characteristic depends strongly on the capabilities of the fuel injection
system, compression ratio and the charge air temperature.

For accurate engine simulations the actual heat release characteristic of the engine, (which can be
obtained by an analysis of the measured cylinder pressure history), should be matched as accurately as
possible. To obtain an estimate on the required combustion duration to achieve a certain crank angle
interval between 10% and 90% mass fraction burned, the following chart may be used (Fig. 4).

The start of combustion must be defined considering fuel consumption, peak cylinder pressure limitation.
The Vibe parameter "a" characterizes the completeness of the combustion. For complete combustion, a
value of 6.9 is required. Start of Combustion, Combustion Duration and Shape Parameter Maps: These
values can be specified as map depending on engine speed and load (BMEP).

Start of Combustion: 714 deg

Combustion Duration: 75 deg

Shaping Parameter m  0.85

Parameter a 6.9
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Fig. 4. Crank Angle Related to Combustion Duration

HEAT TRANSFER

The following heat transfer models are available for the cylinder: Woschni 1978.

In addition to the heat transfer coefficient provided by the heat transfer model, the surface areas and wall
temperatures of the piston, cylinder head and liner must be specified.

The wall temperatures are defined as the mean temperature over the surface.

A calibration factor for each surface may be used to increase or to reduce the heat transfer.

For the surface areas the following guidelines may be used:

Piston: Surface area is approximately 1.3 to 1.5 times the bore area.

Cylinder Head: Surface area is approximately equal to the bore area.

Liner with Piston at TDC: The area may be calculated from an estimated piston to head clearance times
the circumference of the cylinder.

Wall temperature must be specified at the piston TDC and BDC positions. Between those positions a
special temperature profile is assumed.

In order to consider the influence of the in-cylinder charge motion on the heat transfer coefficient, the in-
cylinder swirl ratio (defined as the speed of the charge rotation relative to engine speed) must be
specified.

For each wall (head, piston and liner) an effective wall thickness together with material data must be
specified. Conductivity and heat capacity.

Piston:
Surface Area: 14000 mm2
Wall Temperature: 276.85 degC

Piston Calibration Factor: 1

Cylinder Head:

Surface Area: 11000 mm2

Wall Temperature: 246.85 degC

Head Calibration Factor: 1

Liner:

Surface Area: 500 mm2 (Piston at TDC)

Wall Temperature: 176.85 degC (Piston at TDC)
Wall Temperature: 86.85 degC (Piston at BDC)

Liner Calibration Factor: 1
Combustion System DI
Incylinder Swirl Ratio: 1.9

VALVE PORT SPECIFICATIONS

The valve lift is defined by the valve lift curve and by the valve clearance.

By specifying the crank angle of the first valve lift value and the cam length, the crank angle range in the
table is defined. The number of reference points for the valve lift curve can be specified directly or by
inputting a constant crank angle interval between two valve lift points.
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After completing the input of reference points, the input is presented in the graphics window for
immediate control purposes.
If a valve lift curve is already specified in the table, a new specification of the timing of the first valve lift
shifts the entire valve lift curve.
If the cam length is changed, a shorter or longer valve lift curve will be calculated from the baseline valve
lift curve under the assumption of similar valve velocities.
Pipe Controlled by Valve.

Pipe Intake

Inner Valve Seat (=Reference) Diameter

Valve Clearance
Scaling Factor for Eff. Flow Area

Lift Curve:

Table for Crank Angle and Valve Lift.
Valve Opening

Cam Length
Increment

Flow Coefficient:

Table for Valve Lift and Flow Coefficient

Pressure Ratio

Effective Valve Lift

Pipe Exhaust
Inner Valve Seat (=Reference) Diameter

Valve Clearance
Scaling Factor for Eff. Flow Area

Lift Curve:

Table for Crank Angle and Valve Lift.
Valve Opening

Cam Length
Increment

Flow Coefficient:
Pressure Ratio
Effective Valve Lift
Refer to the following Table for Valve Lift and Flow Coefficient input data for Exhaust Pipe 11 Flow

41 mm
0.3 mm

310 deg
310 deg
10 deg

0.99

39 mm
0.4 mm

82 deg
340 deg
10 deg

0.99

Coefficient.
Intake Pipe Exhaust Pipe
Lift Curve Flow Coefficient Lift Curve Flow Coefficient
Crank Valve Lift | Valve Lift | Flow Coeff | Crank Valve Lift | Valve Lift | Flow Coeff
Angledeg | mm mm Angledeg | mm mm
310 0 0 0 82 0 0 0
320 0.04 1 0.085 92 0.03 1 0.095
330 0.14 2 0.155 102 0.14 2 0.183
340 0.26 3 0.22 112 0.26 3 0.25
350 0.45 4 0.285 122 0.38 4 0.33
360 1.02 5 0.345 132 0.56 5 0.393
370 2.16 6 0.4 142 1.13 6 0.47
380 3.7 7 0.438 152 2.25 7 0.53
390 5.31 8 0.465 162 3.76 8 0.603
400 6.81 9 0.485 172 5.38 9 0.65
410 8.11 10 0.497 182 6.9 10 0.69
420 9.21 11 0.5 192 8.26 11 0.71
430 10.08 12 0.505 202 9.42 12 0.735
440 10.72 212 10.36
450 11.13 222 11.09
460 11.3 232 11.61
470 11.23 242 11.9
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480 10.91 252 11.96
490 10.37 262 11.81
500 9.58 272 11.43
510 8.58 282 10.83
520 7.35 292 10.01
530 5.93 302 8.98
540 4.35 312 7.74
550 2.75 322 6.31
560 141 332 4.74
570 0.61 342 3.13
580 0.31 352 1.74
590 0.19 362 0.84
600 0.07 372 0.46
610 0.01 382 0.03
620 0 392 0.21
402 0.09
412 0.01
422 0

2.4.3 Air Cooler

Calculation model of the air cooler (plenum-pipe-plenum) is used to model the gas dynamic performance
of the air cooler as well as the pressure drop over the air cooler depending on the actual flow conditions.
In addition, a model for the cooling performance of the air cooler is created based on the layout data. The
data for the air cooler is listed below.

The cooling performance is specified by the coolant temperature and the target efficiency. The cooler
efficiency is defined as the achieved temperature difference related to the maximum possible temperature
difference. On the basis of this information, the heat transfer in the pipe modeling the cooling core are
adjusted by the program.

Geometrical Properties

Total Air Cooler Volume: 10 (I
Inlet Collector Volume: 3

Outlet Collector Volume: 3
Length of Cooling Core: 600 mm
Gas Properties

Mass Flow 0.333 kg/s
Target Pressure Drop 5000 Pa
Target Outlet Temperature 340 K

Inlet Air Temperature 415K

Inlet Pressure 260000 Pa
Coolant Temperature 298 K

FLOW COEFFICIENTS
Pipe Inflow 1
Pipe Outflow 1

2.4.4 Turbocharger

The data for the turbocharger is listed below.

Simplified Model is suitable for steady state simulations and considers the mean compressor and turbine
efficiencies over the cycle in order to calculate the turbocharger energy balance. The advantage of this
model is that it only requires limited data to describe the turbocharger performance characteristics. The
required turbine size is calculated from the target pressure ratio across the compressor and the
turbocharger efficiency by adopting the turbine size multiplier.

Input data the turbocharger mode are shown in the following table.

SIMPLIFIED MODEL

The Mechanical Efficiency accounts for mechanical losses of the rotor.

Beside the Pressure Ratio the Compressor Efficiency needs to be input, which can be either a constant
or dependent on Corrected Volume/Mass Flow. For this dependency the input of Reference Conditions is
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additionally required. The compressor efficiency can be taken from the compressor performance map
using the expected pressure ratio and compressor mass flow data.

Calculation Mode: Turbine Layout Calculation. Effective flow area of the turbine is calculated from the
equivalent discharge coefficient (constant or function of turbine expansion ratio) and a turbine reference
area The Turbine Reference Area can either be directly input or is calculated from the cross section of the
pipe representing the turbine outlet and the Pipe Area Scaling Factor.

Equiv. Turbine Coeff. 0.15
Turbo Charger overall Efficiency 0.54
Compressor Efficiency 0.79
Mechanical Efficiency 0.98

Compressor Pressure Ratio 2.6
Inlet Interference Flow coefficient 0.15

2.4.5 System Boundary

The data for each system boundary is listed in the following table.

BOUNDARY CONDITIONS

Local Boundary Conditions. The ambient conditions (pressure, temperature, air/fuel ratio, fuel vapor and
combustion products) must be specified either as constant values or in a Table as functions of time or
crank angle.

Pressure (Pa) Gas Temp (K) Ratio Type Ratio Value
SB1 100000 298 A/F Ratio 10000
SB 2 100000 780 A/F Ratio 28

FLOW COEFFICIENTS
The flow coefficients for flow from the ambient into a pipe depend mainly on the protrusion of the pipe end
through the wall in which it is installed and on its bellmouth characteristics.

SB1 Pipe Inflow 0.95 Pipe Outflow 0.95
SB 2 Pipe Inflow 0.75 Pipe Outflow 0.75
2.4.6 Plenum

A plenum is defined as an element in which spatial pressure and temperature differences are not
considered. This means that the momentum of the flow in the plenum is neglected.
The data for the plenums is listed in the following table.

GENERAL
For Geometry Definition select Volume or Diameter and Length.
Volume (1) Initialization
Plenum 1 6 Setl
Plenum 2 0.3 Set2
Plenum 3 0.3 Set2

FLOW COEFFICIENTS

In order to consider particular pressure losses resulting from multi-dimensional flow phenomena which
cannot be directly predicted by the program, requires the specification of flow coefficients for in-flow and
out-flow at each pipe attachment. The flow coefficients are defined as the ratio between the actual mass
flow and the loss-free isentropic mass flow for the same stagnation pressure and the same pressure ratio.
The flow coefficients for each pipe attachment may be specified either as constant values or in a Table as
functions of time in seconds, time in degrees crank angle or pressure difference at the pipe attachment.
For in-flow (flow into the plenum) the pressure difference is defined as the static pressure in the pipe
minus the pressure in the plenum. For out-flow as the pressure in the plenum minus the static pressure in
the pipe.

Inflow 0.95
Inflow 0.9

Inflow 0.95
Inflow 0.9

Plenum 1 Pipe 3

Pipe 4

Pipe 3
Pipe 4
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Pipe 5 Inflow 0.9 Pipe 5 Inflow 0.9
Pipe 6 Inflow 0.9 Pipe 6 Inflow 0.9
Pipe 7 Inflow 0.9 Pipe 7 Inflow 0.9
Pipe 8 Inflow 0.9 Pipe 8 Inflow 0.9
Pipe 9 Inflow 0.9 Pipe 9 Inflow 0.9
Plenum 2 Pipe 10 Inflow 0.9 Pipe 10 Inflow 0.9
Pipe 11 Inflow 0.9 Pipe 11 Inflow 0.9
Pipe 12 Inflow 0.9 Pipe 12 Inflow 0.9
Pipe 16 Inflow 0.95 Pipe 16 Inflow 0.95
Plenum 3 Pipe 13 Inflow 0.9 Pipe 13 Inflow 0.9
Pipe 14 Inflow 0.9 Pipe 14 Inflow 0.9
Pipe 15 Inflow 0.9 Pipe 15 Inflow 0.9
Pipe 17 Inflow 0.95 Pipe 17 Inflow 0.95

2.4.7 Pipes

For thermodynamic engine simulation which consider the gas dynamics of the intake and exhaust
systems, the pipe element is one of the most important elements in the engine model. One-dimensional
flow is calculated in the pipes by solving the appropriate equations. This means that the pipe is the only
element where the time lag caused by the propagation of pressure waves or the flow itself is considered.
Model allows the pipe diameter (given the same cross-sectional area), bend radius, friction coefficient,
wall heat transfer factor, wall temperature, as well as the initial values for pressure, gas temperature, A/F
ratio, concentration of fuel vapor and concentration of combustion products to be specified depending on
the location in the pipe.

GENERAL

The default Bending Radius (100000 mm) is used.

The data for each pipe is listed in the following tables. Global Initialization is used for pipes 3 - 17 and
Local Initialization is used for pipes 1, 2 and 18.

Pipe Length (mm) | Diameter Friction | Heat Transfer | Wall Temp | Initialization
(mm) Coeff. Factor (K)
Pipe 1 400 85 0.02 1 298 See below
Pipe 2 800 85 0.02 1 350 See below
Pipe 3 800 85 0.02 1 320 Set1
Pipes 49 700 TABLE 0.02 1 TABLE Set1
Pipe 10 250 38 0.02 1 500 Set 2
Pipe 11 300 38 0.02 1 500 Set 2
Pipe 12 300 38 0.02 1 500 Set 2
Pipe 13 250 38 0.02 1 500 Set 2
Pipe 14 300 38 0.02 1 500 Set 2
Pipe 15 300 38 0.02 1 500 Set 2
Pipe 16 300 40 0.02 1 470 Set 2
Pipe 17 600 40 0.02 1 470 Set 2
Pipe 18 1500 100 0.02 1 450 See below

The diameter and wall temperature data for pipes 4-9 is listed in the following table.

Diameter Wall Temperature

Location X (mm) Diameter Y (mm) Location X (mm) | Wall Temp Y (K)
Pipes 4 -9 0 55 0 320

100 44 580 320

580 38 700 400

700 41

INITIALIZATION

The conditions within the pipe can be defined with Local or Global Initialization.

For Global Initialization the parameters are taken from a predefined set.

For Local Initialization a predefined set can be used as a starting point for the required parameters.
These can then be set individually by editing the appropriate number.
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Input can be constant or by a Table, where it may be specified as a function of distance from the
upstream pipe end. The first value must be specified at the upstream pipe end (Location = 0) and the last

value at the downstream pipe end (Location = Length).
For the following pipes, select Local Initialization and enter the data shown.

Preference Pressure (Pa) Gas Temp (K) Ratio Ratio

Type Value

Pipe 1 Setl 100000 298 A/F Ratio 10000

Pipe 2 Setl 260000 415 A/F Ratio 10000
Pipe 18 Setl 1050000 780 A/F Ratio 28

2.4.8 Measuring Point

Using measuring points, you can access flow data and gas conditions over crank angle at a certain
location in a pipe. The location of the measuring point must be specified as its distance from the

upstream pipe end.

The output for a measuring point:

Pressure, flow velocity, temperature, Mach number and mass flow rates. Additional output of stagnation
pressure, stagnation temperature, enthalpy flow, fuel concentration, combustion products concentration,
fuel flow, combustion products flow, forward and backward pressure and velocity waves.

1. GENERAL
The data for the measuring points is listed in the following table.
Location of Measuring Point Output Extent
from Upstream Pipe End (mm)
Measuring Point 1 400 Extended
Measuring Point 2 800 Extended
Measuring Point 3 800 Extended
Measuring Point 4 700 Extended
Measuring Point 5 0 Extended
Measuring Point 6 300 Extended
Measuring Point 7 600 Extended
Measuring Point 8 0 Extended

2.4.9 Reference Point for Volumetric Efficiency

Model allows a plenum or a measuring point to be specified as a reference location for the calculation of
the air delivery ratio and the volumetric efficiency related to intake manifold conditions.
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3 MATHEMATICAL MODEL OF THE FUEL SUPPLY SYSTEM

3.1 Composition and functionality of the model

The model should be executed in an environment of dynamic interdisciplinary modeling of complex
technical systems using numerical calculations using a multi-paradigm programming language.
The model consists of control blocks, output blocks, and calculation blocks.

The control blocks of the model are:

A "n_, prm" sensor that sets the engine speed.

A "PWM_out, %" detector that sets the duty cycle (fill width) of the PWM signal that
regulates the passage section of the electroproportional valve in the non-automatic mode
of its control.

"Automatic Mode" switch that sets the appropriate control mode for the electroproportional
valve.

A "Timing_, msec" transmitter that sets the duration of the control signal to the injector
electromagnet.

The "pin_, bar" preset, which sets the absolute value of the inlet pressure in the gas
pressure regulator.

A "pout" transmitter that sets the value of the outlet pressure from the gas pressure
regulator related to the inlet pressure.

A "Environment Temp, C deg." setter that sets the ambient temperature.

Indicators are blocks for displaying modeling results:

Device "PWM_, %" showing the duty cycle (filling width) of the PWM signal regulating the
flow section of the electroproportional valve in the automatic mode of its control.

The device "In-line Pressure_, Bar" showing the value of the outlet pressure from the gas
pressure regulator - the pressure in the fuel manifold (gas supply pressure to the cylinder).
Instrument "Cyclic gas supply_, mg" showing the value of the cyclic gas supply to the
cylinder. 1t is duplicated by the "litres/cycle" and "kg/hour" displays, which reflect the
corresponding gas consumption indicators in the system.

Calculation blocks in the model:

"PV setting" — processes the value of the inlet pressure in the gas pressure regulator.
"ECU" simulates the algorithm of the system's ECU.

"Gas regulator" simulates the processes of hydrogen flow in a pressure regulator.

"Fuel Collector" simulates the physical processes in the fuel rail.

"Injector" simulates the processes of hydrogen outflow through the injector (hydrogen
injector).

For convenience, the model interface should also contain a reference table linking the operating mode of
the locomotive engine (Notch, RPM) with the required cyclic supply of hydrogen (Cyclic supply).

3.2 Modeling of processes in a pressure regulator

3.2.1 Theoretical foundations, assumptions and simplifications.

When developing a mathematical model of processes in a pressure regulator, the following assumptions
and simplifications were made:

— The gas flow is isoentropic and adiabatic.

— The viscous friction forces of the gas are negligible, and therefore are not taken into account in

the calculation.
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3.2.2 Initial data for the model

The initial data for the model are the following parameters:
— Gas pressure at the inlet to the reducer;
— Gas temperature at the inlet to the reducer;
— Excess of pressure in the reducer tent over the outlet pressure;
— Gearbox tent volume;
— Inlet nozzle diameter;
— Output nozzle diameter.

3.3 Modeling of processes in the injector

The modeling technigue should be based on the theoretical provisions of fluid and gas mechanics.

When developing a mathematical model, the following assumptions and simplifications can be
made:

— The gas flow through the critical section of the injector valve is isentropic and adiabatic.

— The outflow occurs into the engine cylinder cavity with variable pressure in the compression
section.

— The increase in the force of the electromagnet is given by a linear function of time.

— The thermodynamic parameters in the engine cylinder in the compression section are
calculated based on the assumption that there is only clean air in it.

3.4 Simulation of processes in the ECU

The electronic control unit of the hydrogen supply system to the engine cylinders is designed to generate
a control signal to the injector electromagnets depending on the environmental conditions and the engine
operating mode. The ECU also controls the passage section of the proportional valve of the gas regulator
to maintain the set hydrogen pressure in the system.

In the "non-automatic" control mode, the ECU perceives the duration of the control signal set by an
external setter and outputs it to the injector, and also perceives the duty cycle of the PWM control signal
set by an external setter and outputs it to the proportional valve of the gearbox.

In the "automatic" control mode, the ECU perceives the duration of the control signal set by the external
setter and outputs it to the injector, as well as perceives the value of the output pressure from the gas
regulator-reducer set by the external setter, determines the required duty speed of the PWM control
signal in proportion to this value and outputs it to the proportional valve of the gearbox.

3.5. Modeling of processes in the fuel rail

The fuel rail is a simple "conductor" of gas from the reducer to the injector. We believe that this unit
creates negligible resistance to the gas flow, which can be ignored when modeling the process of
supplying hydrogen to the cylinder.
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